ABSTRACT
INTRODUCTION
Toll collection is a very old model of collecting means intended for the construction and maintenance of roads, dating back to the times of the Roman Empire.
In the recent years, the classical toll collection method performed by attendants at toll booths is being transferred to the electronic toll collection system (ENC), which requires the introduction of additional traffic lanes for the free flow of vehicles at toll passages.
The technological development leads to a search for new solutions, and there is a developed concept of "virtual toll collection", i.e. third-generation toll collection. In this system the GPS detects the position of a vehicle, the OBU device (On-board Unit) via GSM charges toll without any time loss and without disturbing the motorist, so that the toll collection capacity has been balanced with the highway capacity.
This paper calculates the time losses due to the second generation toll collection (ENC) implemented in Croatia, and the losses in manual toll collection. The saving brought by the third generation toll collection system has been simulated.
The paper has been divided into four sections followed by a conclusion and recommendations for further research. The next section emphasises the advantages and drawbacks of the known toll collection systems. The third section contains an exact calculation of the minimal time losses in the current toll collection systems of the Republic of Croatia which assume complete stopping of vehicles. Heavy vehicles are considered with special attention because their time losses depend on the engine power and on the load. The passenger vehicles are more manoeuvrable and the load weight has little impact on their acceleration which is set by the manufacturer's time performance of reaching 0-100km/h. The next section contains simulations of losses for the values of single vehicles and the stopping conditions. The actual data on time losses in case of manual toll collection are presented in the fifth section, together with the simulations for the cargo and passenger vehicles. The section preceding the conclusion calculates the loss evaluation in the Croatian kuna based on the actual data on traffic and transport in 2007.
ADVANCED TOLL COLLECTION
The ENC system is used practically everywhere and due to its advantages it has entered the standard use. The communication system DSRC (dedicated short-range communications) allows information ex-change between the ENC devices onboard vehicle and the device along the road. The system can be improved so as to eliminate complete stopping of vehicles with a more complex infrastructure, but there is still a certain deceleration of traffic. The infrastructure is presented in Figure 1 .
In the third-generation toll collection system [3] , the exact position of the vehicle is detected by the GPS, but the vehicle must have an installed OBU with a database. The onboard database provides the exact location of the toll collection points, and the system of mobile telephony (GSM) reports on the vehicle passage through the toll collection point. The implementation of such a system avoids the cost of building the toll booths [4] , since the toll collection occurs without road passages and without the stopping requirement.
Investment into the third-generation system based on GPS is more than five times higher than the investment into the DSRC system (in [5] the ratio is 90:16). It is precisely the time losses caused by stopping for toll collection obtained in this paper that suggest the non-stopping toll collection version. The example of the Czech Republic [3] where a third-generation system was implemented within nine months on its 1160km of highways and where the revenues in 2007 amounted to EUR 200,000,000 provides a serious argument in the decision on introducing a similar system in the Republic of Croatia.
The systems react differently to avoiding of toll collection. In DSRC one can immediately read whether the ENC device is onboard vehicle and whether it operates. In case the contact has not been realized, the user certainly receives the information on failure to pay the toll. In GPS the situation is rather different. The manoeuvre of GPS coverage or cellular antenna coverage in order to avoid toll collection passes unobserved all the way to the contact with a control point. The efficiency of the control part of this system, thus, still remains to be proven in practice, so that the toll collection agencies need to make decisions for themselves during the running-in period of the system.
Privacy is a special issue since the GPS is an efficient tracking system. At any moment one may know the position of the user and save the information for further usage, thus intruding on the privacy to the extent that does not have to be tolerated.
Both systems have their advantages and drawbacks, considered over a long run, the vehicles will probably use both GPS and DSRC systems.
Prepaid toll as imposed road toll regardless of the used highway kilometres is not fair, nor has the cost of controlling toll avoidance been studied. Toll collection that takes into consideration the travelled kilometres of the highway is fairer for the user. The time and environmental losses, as well as reduced safety because of traffic disturbance can be successfully solved by the third-generation toll system which today exists already in the developed countries.
TIME LOSS DUE TO VEHICLE STOPPING
Time losses in the ENC system result due to the reading of the stopped vehicle, so that the vehicle needs to slow down, stop and start again (details in [1] ). For passenger vehicles the values have been predefined as parameters. The travelling speed v 0 is usually measured in km/h. The stopping distance s 0 is defined by the infrastructure and the speed limits and is expressed in metres m. Maximum acceleration is expressed in case of passenger vehicles in time t 0 (s) necessary for the vehicle to accelerate from the stationary position to the speed of 100km/h. 
The total time loss DT due to ENC charging per passenger vehicle at the entry and exit, is now greater than the difference
Acceleration of heavy motor vehicles depends on the vehicle mass m which is expressed in tonnes t and engine power P which is expressed in kilowatts kW (measurement unit outside the SI system is the common horse power: 1HP=0.73549kW). The travelling speed v 0 is measured in km/h. Maximum acceleration of the heavy vehicle in m/s 2 equals
where m is the measured friction coefficient, and g gravitational acceleration which at the latitude of the Republic of Croatia amounts to 9.81m/s 2 .
The minimum time necessary for the heavy vehicle to accelerate and reach the travelling speed amounts to . m .
The distance travelled during acceleration equals: 
At travelling speed the vehicle would pass the entire path without stopping in the duration of T 0 , which in seconds (s) amounts to 
Air resistance is neglected because it is maximum at the travelling speed, and the difference is observed between the time spent on reading by ENC technology with stopping and the reading technologies without vehicle stopping, at their travelling speed.
SIMULATION OF TIME LOSSES DUE TO VEHICLE STOPPING
In Tables 1 and 2 the concrete values are calculated according to formulas constructed in Section 3, resulting in values of the minimum time losses due to vehicle stopping and reacceleration to the travelling speed. The least total time loss is calculated using formula (3).
In calculating the time necessary for ENC toll collection in Tables 1 and 2 the reading time per vehicle has been neglected. The third row in the Table has been highlighted for its representativeness. The automobile at travelling speed v 0 = 120 km/h before entering the ENC portal decelerates over a distance of 100 m, stops and reaccelerates to the travelling speed.
The minimum time necessary for toll collection T N was calculated according to formula (3), and the passage time without stopping T 0 was obtained according to formula (2) . T N and T 0 yield the total time loss in the ideal case. The vehicle, namely, passes twice the ENC lane.
Values T(N), T(0) and DT represent values T N , T 0 and DT defined by formulas (7), (8) and (9), respectively. The travelled path L in lost time has been obtained by multiplying the travelling speed by the minimum total time loss.
TIME LOSS DUE TO MANUAL TOLL COLLECTION
The loss in case of manual toll collection increases the amounts obtained in Tables 1 and 2 for time t k required by the user to collect the ticket at the entry and time t n required by the user to pay for using the highway. Time lost due to manual toll collection was determined by dividing the working hours of a toll booth attendant in one shift (8 hours) by the number of charged vehicles in individual full intensity traffic in the days of higher loads presented in Tables 3.
Time in seconds per vehicle depends on the inflow of vehicles which does not have to be continuous during the working hours at every toll booth attendant's place. The time of manual toll collection for one user can be measured only at moments of peak load. Thus, Table 3 Time lost for stopping and acceleration is equal to the case of ENC charging and calculated in the third section of the paper. The total time DT r lost in case of manual toll collection can be limited now to: 
where the values DT calculated by relations (3) for passenger and (9) heavy vehicles. Inadequate values of sec. per veh. result due to big time intervals between subsequent vehicle arrivals and are marginal. Tables 4 and 5 show the simulation of total time loss due to manual toll collection for passenger and for heavy motor vehicles.
The minimum and maximum time lost in case of manual toll collection has been calculated from the non-equation (10) in which DT has been calculated from expression (3) for passenger vehicles with the simulation from Table 1 , whereas DT for heavy vehicle is calculated from (9), for which the simulation is carried out in Table 2 . In this way the time losses in manual toll collection in the current system have been obtained.
EVALUATION OF TIME LOSSES
During 2007 the ENC toll collection was performed only for passenger vehicles. The number of vehicles was around 22,000 and they realized 2,041,491 passages, which out of the total number of passages 49,887,787, accounts for 4.09%.
Total time loss in case of the so-called "stop-and--go" toll collection by means of ENC equals the prod- 
